A simple, facile and low-cost method for recycling of supercapacitor materials is proposed. This process aims to recover some fundamental components of a used supercapacitor, namely the electrolyte salt tetraethyl ammonium tetrafluoroborate (TEABF 4 ) dissolved in an aprotic organic solvent such as acetonitrile (ACN), the carbonaceous material (activated charcoal, carbon nanotubes) purified, the current collector (aluminium foil) and the separator (paper) for further utilization. The method includes mechanical shredding of the supercapacitor in order to reduce its size, and separation of aluminium foil and paper from the carbonaceous resources containing TEABF 4 by sieving. The extraction of TEABF 4 from the carbonaceous material was based on its solubility in water and subsequent separation through filtering and distillation. A cyclic voltammetry curve of the recycled carbonaceous material revealed supercapacitor behaviour allowing a potential reutilization. Furthermore, as BF 4 − stemming from TEABF 4 can be slowly hydrolysed in an aqueous environment, thus releasing F − anions, which are hazardous, we went on to their gradual trapping with calcium acetate and conversion to non-hazardous CaF 2 .
Introduction
The need for limiting the use of finite resources and management of waste disposal due to environmental reasons has led to increasing demand for recycling materials at the end of their useful life. Recycling ultimately leads to resource and energy saving that would otherwise be spent by extracting virgin raw materials from the environment in order to produce goods that could also be manufactured from recycled waste materials.
Electrochemical capacitors (ECs), also known as supercapacitors, are used as electrical energy storage devices in many fields. ECs, compared with traditional energy storage devices, possess advantages such as high power capability, long lifetime, low weight and lower maintenance costs, and their recycling is of major importance (Kötz and Carlen, 2000; Wang and Wang, 2011) . A typical supercapacitor is composed of aluminium foil, activated charcoal enriched with carbon nanotubes (CNTs) and/ or graphenes, metal oxides, polyvinylidene difluoride (PVDF) (Chen et al., 2004) , N-methyl-2-pyrrolidone (NMP) and paper as a separator. Polymer foil is also used for packaging purposes. It may also contain acetonitrile (ACN) as a solvent and tetraethyl ammonium tetrafluoroborate (TEABF 4 ), often used as a common organic electrolyte (Vermisoglou et al., 2014) . Activated charcoal is chosen as the supercapacitor electrode material due to its high specific surface area, which exceeds 1000 m 2 g −1 (Jain and Tripathi, 2014) . The single-layer graphene material has a calculated specific surface area of 2630 m 2 g −1 , which may lead theoretically to a capacitance of 550 F g −1 (Liu et al., 2010) . On the other hand, CNTs can greatly improve capacitor performance, due to their highly wettable surface area and high conductivity (Fedorovskaya et al., 2014) . Transition metal oxides (such as ruthenium dioxide) can also be used because they exhibit enhanced pseudocapacitance . PVDF dissolved in NMP is mixed with an active storage material such as activated charcoal/CNTs. This slurry is cast onto the current collector and the NMP is evaporated to form a composite or paste electrode. PVDF is used because it is chemically inert over the used potential range and does not react with the electrolyte. The paper physically separates the two electrodes and is permeable for the conducting ions. Aluminium foil is used as current collector, which connects the electrodes to the capacitor's terminals. PVDF is the standard binder material used in the production of composite electrodes.
In the present study, a procedure for recycling of the major components of a used supercapacitor is described. The mechanical part of recycling process, i.e. shredding, and sieving was applied to the real used supercapacitor obtained. Slurry with a chemical composition simulating that of a used supercapacitor was prepared with increased quantities of the typical ingredients in order to facilitate their identification. Concerning the hazardous component TEABF 4 , which hydrolyses in water producing F − anions (Katagiri et al., 2006; Yoshioka et al., 2007) , a handling method is proposed. Overall, the equipment used for the mechanical part of recycling is inexpensive, and the reagents involved in the chemical separation and purification are either non-toxic or have low toxicity.
Materials and methods

Materials
Activated charcoal was purchased from Sigma-Aldrich, CNTs from EMS (China), NMP (C 5 H 9 NO, 99+%) from Alfa Aesar, ACN (C 2 H 3 N, 99.8+%), PVDF (-(C 2 H 2 F 2 ) n -) from Alfa Aesar, TEABF 4 ((C 2 H 5 ) 4 N(BF 4 ), 99%) from Alfa Aesar and butanone (ethyl methyl ketone, C 4 H 8 O, 99.5+%) from Chem Lab.
Preparation of a simulated used supercapacitor
A mixture with all the typical ingredients used in a supercapacitor was prepared as follows: 5.71 g activated charcoal was dispersed in 5.0 g NMP followed by addition of 0.2955 g PVDF under stirring [A] . Separately, 0.0090 g CNTs were dispersed in 3.14 g NMP [B] . The dispersion [B] was added to [A] giving a mixture labelled [C] . In order to reduce the viscosity and facilitate the stirring of the slurry, 4.0 g NMP were added to [C] and the whole was stirred for 3 h. Then [C] was spread onto a glass plate and was dried in an oven at 120°C for 2 h. After drying, 5.173 g of material labelled SP1 were obtained containing ~95% activated charcoal, ~0.15% CNTs and ~5% PVDF. Separately, 2.0 g TEABF 4 were dissolved in 15.0 g ACN [D] and mixed with 5.0 g of SP1 under stirring for 1 h [E].
Methodology of recycling
The recycling methodology developed in our laboratory could be divided in the following steps:
(a) Mechanical shredding of the supercapacitor in order to reduce its size by using a commercial paper-cut machine (Q-Connect Micro-Cut 12); (b) Separation of aluminium foil and paper from the carbonaceous resources as well as PVDF and TEABF 4 by using laboratory sieves (IMPACT Company); (c) Extraction of TEABF 4 from the carbonaceous material and recovery of ACN by chemical procedures, such as filtering, distillation in rotary evaporator (Buchi, R-210/215) and drying in an oven.
Mechanical shredding of supercapacitor
The first step of the recycling procedure involves the mechanical shredding of the supercapacitor accomplished by the paper-cut machine. A typical supercapacitor ( Figure 1a ) was used for mechanical shredding. The shredding was necessary in order to cut the supercapacitor into small pieces and more easily recover the aluminium and carbon content, thus facilitating the process of removing the hazardous ingredients ACN and TEABF 4 . The supercapacitor was easily cut during the shredding procedure into small pieces with dimensions 3×9 mm ( Figure 1b) . Simultaneously, the aluminium was detached from the supercapacitor. For safety reasons, in order to prevent the emission of ACN vapours and activated charcoal particles to the environment, it is recommended that the entire procedure of mechanical shredding take place in a chemical hood.
Separation of aluminium foil and paper from the carbonaceous resources
The separation of aluminium and paper from the carbonaceous resources containing PVDF and TEABF 4 was carried out by using three laboratory test sieves with apertures of 500, 250 and 125 μm. The products of the separation procedure are shown in Figure 2 . 
Extraction of TEABF 4 from the carbonaceous material
The extraction of the solid electrolyte TEABF 4 from the carbonaceous material as well as the purification of this material from PVDF was carried out utilizing the solubility of TEABF 4 in water and the solubility of PVDF in butanone. This approach also allowed the separation through stirring without/or under reflux, filtering and distillation with rotary evaporator.
As the amounts of ACN and TEABF 4 in the used supercapacitor were quite small, it was difficult from the above procedure to verify their presence and, especially in the case of volatile ACN, the contained amount did not facilitate distillation with a rotary evaporator. For the aforementioned reasons and in order to emphasize on the process of recycling, a slurry containing all the typical ingredients of a used supercapacitor in the same ratios but enhanced amounts was prepared (simulated supercapacitor, sample SP1).
Recycling of a simulated supercapacitor
The processes involved below aim at the separation of the components TEABF 4 , ACN and carbonaceous material comprising the simulated supercapacitor. These processes are based in the facts that:
(a) ACN is miscible with water and TEABF 4 is soluble in both solvents (ACN, water) and BF 4 − slightly hydrolyses in aqueous solutions up to 6 h; (b) NMP (b.p. 202-204°C) has practically been evaporated during the drying in an oven; (c) PVDF is soluble in butanone, which is volatile, facilitates distillation and has a low toxicity.
The recycling process is summarized in Figure 3 .
Removal and isolation of ACN and TEABF 4
The slurry [E] was filtrated using common filtration paper and washed with 450 ml distilled water at room temperature. The black residue was labelled SP2, dried in an oven overnight at 70°C and an amount of 4.3 g was collected. The filtrate containing ACN, water and TEABF 4 was distilled in rotary evaporator (ACN: 37°C, 81 mbar; water: 57°C, 62 mbar); 8.9 g ACN were obtained for ~50 min, which corresponds to a recovery of ACN 59.3%. Then water was partially removed and the residue was spread on a piece of glass to dry in air. The dried material weighed 1.6 g. As it contained some small amounts of carbon, it was dissolved again in 80 ml distilled water and centrifuged to remove the precipitated carbon. The clean supernatant was left to dry in air. The dry compound assigned to TEABF 4 weighed 1.4 g.
Purification of carbonaceous material
A sample (4.2 g) of SP2 was dispersed in 100 ml butanone and the whole was stirred under reflux for 1 h. Then filtration took place while the butanone was still warm. The black carbon material was kept on the filter and the filtrate was distilled in a rotary evaporator (butanone: 37°C, 89 mbar). The dry residue with weight 0.122 g may be assigned to the remaining TEABF 4 or PVDF. As it contained small amounts of carbon, the material was re-dissolved in butanone under reflux and filtrated using filtrate paper: Schleicher & Schüll, Ref.
No. 300110. The clean filtrate was dried in air and the white powder obtained weighed 0.090 g. The carbon material of the above process was washed successively with water and acetone and was dried in air. It weighed 3.9 g and was labelled SP3. A very slow decomposition of BF 4 − in aqueous solution has been noticed (Katagiri et al., 2006) . Based on the aforementioned findings, we went on capturing F − anions by Ca 2+ cations stemming from being dissolved in water Ca(CH 3 COO) 2 .H 2 O. The following reaction that converts F − to a non-toxic compound insoluble CaF 2 was utilized: 
Structural characterization
A Siemens D500 X-ray diffractometer was used for the X-ray diffraction (XRD) measurements. The Fourier transform infrared (FTIR) transmittance spectra of the samples (KBr pellets) were measured on an Equinox 55/5, Bruker instrument. Scanning electron microscope (SEM) characterization was performed using an FEI Inspect SEM. The capacitive behaviour of the materials was investigated on a Metrohm Autolab PGSTAT302 potentiometer performing cyclic voltammetry (CV) tests. The two-electrode standard stainless steel test cell (HS Test Cell, Hohsen Corporation, Japan) was used as a supercapacitor test fixture. The two-electrode configuration was used because it provides the material performance directly for ECs.
Cyclic voltammetry measurements of the recycled carbon material
The electrode active material was prepared from the recycled (SP3) material in order to assess the possibility of its reutilization. The slurry for the electrode material contained 95% SP3 and 5% PVDF binder. Thus, 1 g SP3 was dispersed in 3.0 g NMP followed by addition of 0.053 g PVDF under stirring. This slurry was spread on aluminium foil with the help of a film applicator Elcometer 3620 (Elcometer SA, Belgium) using a 90-μm film gap. After drying in a furnace at 120°C for 2 h, two circular electrodes of the material with apparent area 1.33 cm 2 were cut. The electrode material loading was 2.4 mg cm −2 . The electrodes were positioned in the test cell with Macherey Nagel MN13 filter paper between them for mechanical separation of the electrodes. The TEABF 4 solution in ACN mentioned above was used as an electrolyte. All the cyclic voltammetry experiments were carried out at room temperature, ~25°C.
Results and discussion
The recovery of ACN at a percentage of 59.3% (described in the experimental part) is of great importance for a variety of reasons. Among other organic solvents, its use in batteries and supercapacitors has major advantages due to its ability to dissolve electrolytes such as TEABF 4 , solvate the ions and thus provide the highest ionic conductivity, while it remains stable over a large electrochemical window (Hu et al., 2014) . Moreover, apart from supercapacitor applications, ACN is widely used in high performance liquid chromatography (Fernández et al., 2015) and can act as an extractive-distillation solvent for the purification of butadiene (Mathias et al., 2008) . Furthermore, it can be used as a solvent for the synthesis of pharmaceuticals (Skibic et al., 2010) and generally in several organic and inorganic syntheses, such as peptide synthesis (Simon et al., 2000) . Taking into account the broad field of possible applications and the worldwide shortage of ACN (which relies on the absence of a commercial scale synthesis available for this product and the global economic slowdown), its recycling is a major issue (Rojas et al., 2009 ). On the other hand, as the solution based on TEABF 4 in ACN is considered the most widely-used electrolyte in ultracapacitors, as it has a wide range of electrochemical stability (~5.5 V on the glass carbon electrode) with a satisfactory conductivity of 55 mS cm −1 at 25°C (Gromadskyi et al., 2013) , the recovery not only of ACN but also of TEABF 4 is of critical importance. Taking into consideration that BF 4 − is toxic and its presence in wastewater may affect human health (Yoshioka et al., 2007) , making necessary the treatment of wastewater, its prompt recycling allows both avoidance of wastewater treatment and opens up the prospect of further re-utilization.
In Figure 4a , the diffraction pattern of commercial TEABF 4 is consistent with the JCPDS card # 48-2290 and TEABF 4 is crystallized in a monoclinic lattice. In Figure 4b , the XRD pattern of the dry compound obtained after recycling and purification process is presented. That pattern was assigned to TEABF 4 (JCPDS card # 48-2290), where the change in the intensity ratios of the peaks is attributed to texture, i.e. preferred orientation. FTIR spectra of both materials are presented in Figure 5 . The calculated recovery of TEABF 4 was 70%. In the FTIR spectrum of the initially used TEABF 4 (C 8 H 20 NBF 4 ), the frequencies around 2994 cm −1 are attributed to CH 3 CH 2 groups with the δ asymmetric and symmetric CH 2 frequencies found at 1492 and 1397 cm −1 correspondingly. The CH 2 twist mode is seen at 1307 cm −1 . The peak at 1172 cm −1 represents the CH 3 rocking mode of C 2 H 5 group. The C-C asymmetric and C-N asymmetric frequencies are represented by the peaks at 1087 and 1026 cm −1 , respectively. The CH 2 rocking mode is represented by the band located at 791 cm −1 (Kandhaswamy and Srinivasan, 2002) . The peak at 527 cm −1 is attributed to B-F bending in BF 4 − . There is an apparent similarity in FTIR spectra of TEABF 4 before and after recycling and purification.
After the purification process with butanone described above, the obtained material was characterized with FTIR spectroscopy and XRD measurements. From FTIR ( Figure 6 ) and XRD (Figure 7) characterization, it is evident that the spectrum contains bands that could be attributed to both PVDF and TEABF 4 traces. In Figure 6a , the infrared bands at ~3023 and 2983 cm −1 are assigned to asymmetric and symmetric modes of CH 2 group. The very strong band at 1407 cm −1 is assigned to the CH 2 wagging mode. The strong band at 1077 cm −1 is assigned to C-C asymmetric mode. The distinct band at 882 cm −1 is determined by the C-C asymmetric stretching vibration. The very strong band appearing at 1187 cm −1 represents coupling of the CF 2 asymmetric stretching mode and C-C symmetric mode. The band at 1282 cm −1 is connected to CF 2 asymmetric stretching. The band at 842 cm −1 is assigned to the symmetric stretching vibration of the C-C bond. The CF 2 bending vibration is assigned to the strong band at 767 cm −1 . The CF 2 wagging mode is associated with strong band at 617 cm −1 and the band at 491 cm −1 corresponds to the CF 2 rocking vibration (Nallasamy and Mohan, 2005) . The white powder that is obtained after this purification process has characteristic bands in FTIR spectrum that could be assigned to either PVDF or TEABF 4 . The same conclusion is derived by XRD pattern of this material when it is compared with the XRD patterns of PVDF (thermally treated) and TEABF 4 .
As we can observe from the XRD patterns when PVDF is heated at 120°C, as in the case of the simulated supercapacitor slurry, it changes conformation and the XRD pattern before the treatment (Figure 7a ) is consistent with JCPDS card # 42-1650, crystallized in a monoclinic lattice, attributed to α-PVDF (Steinhart et al., 2004) , and after the treatment (Figure 7b ) corresponds to JCPDS card # 38-1638, crystallized also in a monoclinic lattice, attributed to β-PVDF (Devikala et al., 2014; El Mohajir and Heymans, 2001) . On the other hand, if we compare the XRD patterns of β-PVDF and that of recycled TEABF 4 with the XRD pattern of the white powder obtained after purification with butanone (Figure 7c ), we can see characteristic peaks both of TEABF 4 (Figure 4b ) and β-PVDF. This powder probably contains small amounts of TEABF 4 and β-PVDF that were not removed during the purification process.
Activated carbon apart from constituting the major electrode material for energy storage in supercapacitors is also widely used in a series of applications such as gas and liquid purification processes, as well as catalyst support for catalytic chemical processes (Jin et al., 2014) . These applications include water treatment, gas cleaning, food and beverage manufacture, solvent recovery, medical and laboratory uses, and minerals recovery. Its utilization in many industrial separation processes is based on its ability to adsorb particular chemicals preferentially when introduced into solutions containing those chemicals. Almost any carbonaceous material such as wood, coal, peat, fruit stones and shells (i.e. material of vegetable origin) can be an excellent starting material for producing activated charcoal. By the late 1990s, the world market for activated carbon was estimated at some 700,000 ton year −1 (Mozammel et al., 2002) . Both in terms of usefulness and in terms of economy, the recycling of activated carbon is of particular interest. The purified carbonaceous material obtained in the procedure described above was characterized with FTIR spectroscopy and cyclic voltammetry measurements. In Figure 8 , the FTIR spectra of the main carbon ingredients that were initially used, i.e. activated charcoal and CNTs as well as the FTIR spectra of SP1 (before recycling) and SP3 (final carbonaceous material after recycling) are presented. As can be observed, there are no significant differences in FTIR characteristics between the initial carbonaceous material SP1 and the recycled material SP3. Both bear characteristic bands of activated charcoal and CNTs ingredients. The band in the range 3449-3465 cm −1 is due to the absorption of water molecules ( Figures  8a-d) , whereas the two bands at 2852-2932 cm −1 are attributed to C-H interaction with the surface of the carbon. Moreover, the band in the range 1577-1664 cm −1 may be attributed to the aromatic carbon-carbon stretching vibration. However, it must be stated that the bands in the range of 3200-3650 cm −1 can be also attributed to the hydrogen bonded O-H group of alcohols and phenols (Yang and Lua, 2003) . As a consequence, the peak centred at 1387 or 1384 cm −1 can be assigned to C-OH. The morphological characteristics of SP3 are presented in Figure 9 .
The CV measurements were done in a potential window from −2 V to +2 V at a potential scan rate of 0.1 V s −1 ( Figure  10 ). The specific capacitance  C CV of the electrode material was calculated taking into account its relationship with the measured capacitance of two-electrode cell C CV and applying integration over the area enclosed within the CV loop as follows:
where m is the mass of single electrode material, ΔV is the potential window (ΔV=4), s is the scan rate and i is a current response at a given potential V.
The recycled material electrode shows the rectangular shape of the CV loop that is indicative of the material capacitive behaviour. The calculated specific capacitance was 25 F g −1 . This result confirms our expectations that the recycling procedure allows further reutilization of the carbonaceous materials.
It is known that BF 4 − is slowly hydrolysed and has a significant stability on standing. Nevertheless, prolonged BF 4 − in wastewater could be harmful due to the release of F − , thus making it necessary to treat BF 4 − in wastewater. In the procedure described above, the residue was assigned to CaF 2 . This conclusion was derived from XRD ( Figure 11a ) and FTIR results (Figure 11b ) in accordance with literature (Tahvildari et al., 2012) . The very small amount of CaF 2 obtained indicated a very slow hydrolysis of BF 4 − . In Figure 11a , the diffraction signals are consistent with JCPDS card Fluorite syn, # 35-0816, and CaF 2 is crystallized in a cubic lattice. After 1.5 months, ~16% of BF 4 − was hydrolysed and the produced F − anions reacted with Ca 2+ cations to form CaF 2 insoluble in water. The supernatant contained Ca(CH 3 COO) 2 . H 2 O, TEABF 4 dissolved in water where the fluoride was in the form of BF 4 − . Thus recycling of TEABF 4 from wastewater should occur in a certain period because prolonged time of TEABF 4 remaining in wastewater has as a result a slow hydrolysis of BF 4 − and then post-treatment of wastewater may be necessary.
Conclusions
A simple, facile and low-cost method for recycling of supercapacitor materials was proposed. Recovery of some of the major components of a used supercapacitor was described. Extraction of the electrolyte TEABF 4 from the carbonaceous material led to a recovery of up to ~70%. The recovered TEABF 4 was crystallized in different preferred orientation than the initially used TEABF 4 . A handling procedure of this toxic material in wastewater was proposed. The recovery of ACN was up to 59.3%. The purification of the carbonaceous material from the remaining small amounts of TEABF 4 and PVDF was performed via treatment with volatile, non-toxic solvent butanone. The recycled carbonaceous material had not suffered significant structural changes during these treatments and bore characteristics of the two carbon ingredients, activated charcoal and CNTs. In addition, the recycled carbonaceous material exhibited supercapacitor behaviour, allowing for possible reuse. The equipment had low cost and the reagents employed for the recycling procedures were environmentally friendly.
